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e David Kapolnek has submitted his Ph.D. dissertation entitled, “Selective
epitaxy of gallium nitride and related materials by metalorganic chemical
vapor deposition.”

e Robert Underwood will complete his Ph.D. dissertation entitled, “Indium
gallium nitride/gallium nitride vacuum microelectronic cold cathodes:
Piezoelectric surface barrier lowering” in August 1999.

(3) Inventions

e Patent disclosures on InGaN/GaN field emitter arrays and AlGaN/InGaN/GaN
planar cold cathodes submitted to UC patent office.

(4) Scientific Progress and Accomplishments
Statement of the Problem

Cold cathodes are essential for the realization of high current density, high efficiency
microwave power devices. Cold cathodes do not require the heating of a filament and their
current density can be higher than thermionic cathodes. Cold cathodes also have exciting
potential uses in high-throughput parallel electron beam lithography and flat-panel displays.
Many cold cathodes require the use of cesium to lower the surface energy barrier. Cesium is
effective in this purpose but suffers from poor stability and short lifetime. Cold cathodes with
small barriers without the use of cesium would have high current density, high efficiency and
stability and robustness. The III-V nitrides are semiconductors that possess properties that
make them suitable for cold cathode applications. These properties include high electron
concentration, high thermal conductivity, low surface reactivity, and high hardness. These
advantageous properties are the basis for our work on GaN-based cold cathodes. The cold
cathode type investigated under this contract was GaN-based field emitter arrays. Field
emitters use intense electric fields to liberate electrons from the cathode material into vacuum.

Summary of Important Results

Over the course of the project, several important results have been realized. These are
listed below. ‘

1) Growth, characterization, and optimization of selective, self-limited GaN field
emitter arrays. Arrays of GaN pyramids (base diameter 2 pum) are grown by metalorganic
chemical vapor deposition (MOCVD) on a masked template. Lithographically produced
oxide masks determine the array pattern. The growth conditions have been determined such
that the arrays are self-limited, i.e. the growth of the pyramids stops after the completion of
the pyramid sidewalls. This self-limitation helps to mitigate the effects of growth non-
uniformities present in the MOCVD system. Uniform arrays of pyramids are essential for
uniform current density from a field emitter array.

2) The use of an integrated anode structure. The operating voltage of a field emitter
array is determined by the sharpness of the emitter and the separation of the anode and the
pyramids. Since the sharpness of the pyramids is fixed by the crystal geometry, lowering of
the operating voltage is most easily accomplished by shrinking the device dimensions. This

5
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was accomplished by using a microelectronic integrated anode over the field emitter array.
The achievable separations between the anode and cathode were in the range of 0.5 to 1 um.

3) Piezoelectric lowering of the surface energy barrier. In addition to the effects of
geometry on the operating voltage of the field emitters, the surface energy barrier has a
significant effect on the operating voltage. The surface energy barrier for a semiconductor
field emitter is the electron affinity. By using a pseudomorphically grown layer of InGaN on
the GaN field emitter pyramids, the effective electron affinity of the composite emitter was
lowered by about 70% compared to the un-coated GaN field emitter arrays. The smallest
effective electron affinities produced thus far have been approximately 1.0 eV for a coating of
500 A of IngsGaN on GaN pyramids.

The details of the GaN pyramid growth and integrated anode have been previously
given in interim progress reports. The following section details the results related to the
piezoelectric surface barrier lowering achieved over the final reporting period.

Paths to lowering the operating the voltage of field emitters include increasing the
field enhancement, lowering the surface energy barrier height, and increasing the emission
area. The two most important parameters are the surface barrier and the field enhancement
factor because the emission current is exponentially related to both. The field enhancement
factor can be increased by sharpening the emitters or making the device dimensions smaller as
we showed previously with the integrated anode FEAs. The fact that the GaN field emitters
grow constrained by the crystal geometry gives the benefit of uniformity but with the
disadvantage that the pyramids have a large tip angle (~60°) and thus a relatively low field
enhancement factor. Methods have been demonstrated in other material systems to sharpen
the emitters, either by the effects of oxidation[1-3] or by ion-beam milling[4-6], but no such
method has been demonstrated for the nitrides, and it is also not clear if the methods would
produce arrays of sufficient uniformity for practical FEA devices.

Lowering the effective surface barrier of the emitters is another method to increase the
current at a given voltage for field emitters. The most common method to lower the work
function or electron affinity of materials is the application of an electropositive adsorbate to
the surface of the material. The most common adsorbate for reducing the surface barrier is
cesium, and the mechanism of the cesium work function lowering and an estimate of the
magnitude of the effect are given briefly. The use of cesium has several drawbacks such as
the requirement of UHV, migration of the cesium on the device, and possible compromising
of the insulating components of the device. Herein, we present an overview of the
piezoelectric effect in III-V nitride semiconductors, which forms the basis of a new method to
produce a large dipole at the surface of a field emitter. The effect of this dipole in lowering
the electron affinity of InGaN/GaN FEAs is the primary result of this project. Using a
strained layer of InGaN on the GaN pyramids, a large dipole can be grown into the crystal
structure that lowers the effective electron affinity. Because the dipole is built into the crystal
structure of the emitter, it will not suffer from the stability problems that mobile adsorbates,
such as Cs, suffer. Finally, experimental measurements of the current-voltage characteristics
of InGaN/GaN field emitters that show strong support for the model are presented.
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Surface Barrier Lowering Using Cesium

The use of electropositive adsorbates to lower the work function or electron affinity of
materials has been investigated for cathode and photocathode applications.[7] The most
technologically important electropositive adsorbates are the alkali metals, which are known to
have low ionization potentials, and the most important of the alkali metals for surface barrier
modification has been cesium. Cesium has the lowest ionization potential of any element.
The physics behind the surface barrier lowering of cesium adsorbates is still not completely
understood for all material systems. The simplest model treats the cesium atom-surface
interaction by way of a charge transfer from the cesium to the substrate. This is schematically
represented, using a tight-binding approach, in Figure 4.1(taken after Fig. 4.1 in [7]). When
the Cs atom adsorbs on the substrate, the highest energy electron in the Cs atom can transfer
to the substrate, leaving the Cs ionized. A dipole is formed at the surface and this dipole
counteracts the work function barrier of the substrate. In fact, each Cs atom does not transfer
a full electron to the substrate, but rather, the ionicity of the bond gives the fraction of the
electronic charge transferred. The ionicity of the bond can be calculated from Pauling’s
electronegativity values for the elements. To calculate the order of magnitude of the charges
involved in cesium-induced work function lowering, the case of GaAs will be considered

Evac @

Cesium atom

Cesium ion

(b)

Figure 4.1. (a) Energy diagram of a separate metal surface and Cs atom with common
vacuum level. The line on the Cs atom indicates the top-filled electron level. (b) As
the Cs atom adsorbs on the metal surface, the Cs atom ionizes and the electron is
transferred to the conduction band of the metal. The result is a surface dipole that
counteracts the metal work function.
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because it is a well-studied system. For Cs on Ga or Cs on As, the ionicity of the bonds is
about 0.19 and 0.35 respectively. For Cs on a GaAs surface, the effective work function is
1.4 eV, which is about 2.6 eV less than a clean GaAs surface (4.0 eV).[8] The potential drop
caused by a dipole is given by @, = p I/€, where p; is the sheet charge of the dipole, and [ is

the length of the dipole. As an approximation, the dipole length is taken to be the length of
Cs-Cs bond, about 4 A. The dipole charge necessary to produce this change in potential is
about 3.6x10"%g C/cm®. Given that each Cs contributes only a fraction of a charge to the
dipole, the density of Cs atoms necessary to produce this charge density is in the range of
1x10" atoms/cm®. This density is of the same order of the surface density of atoms of GaAs
(4x10" atoms/cm?). Thus, we see that in order to produce a large change in the surface
energy barrier, a charge density of the order of 10" cm™ is necessary. Although, the use of
cesium is a good method to achieve such large work function reduction, the instability of Cs
in the vacuum environment makes it an unsuitable technology for practical devices. A novel
method to achieve dipoles of these magnitudes using the piezoelectric effect in the III-V
nitrides will be the subject of the next two sections.

Piezoelectric Effect in Nitride Semiconductors

The piezoelectric effect was precisely defined by W.G. Cady as “electric polarization
produced by mechanical strain in crystals belonging to certain crystal classes, the polarization
being proportional to the strain and changing sign with it.”[9] Stated mathematically, the
relation between the electric polarization and the strain in the crystal (assuming no applied
electric fields) is given by

P=e.S, ' 4.1)

i i~
where P; is the %)olarization in the i-direction (in units of C/m?), e; are the piezoelectric stress
constants (C/m®), S; are the strain tensor components (m/m), i=1,2,3 represents the three
Cartesian directions, j ranges from 1 to 6, and the Einstein summation convention has been
employed. The above equation can be identified as a tensor equation where the strain tensor
is a 6-component tensor and the stress constants form a 3x6 tensor. The piezoelectric stress
constant e;; gives the polarization in the i-direction caused by a j-stress. For j=1,2,3 the stress
is a simple compressive or extensive stress component corresponding to the same i-directions,
but for j=4,5,6 the stress components are shearing stresses. The piezoelectric polarization can
also be given in terms of the stress tensor, T, and the piezoelectric strain constants, dj;, as
P=d,T, (4.2)

y-J
where stress has units of N/m?, and the units of the piezoelectric strain constants are given in
C/N (or equivalently, m/V). Knowing that the strain and stress in a crystal are related through
the elastic constants, c;;, a relation between the piezoelectric strain and stress constants can be
derived to yield

6
emh = Zcihdmi (43)
i=1

where the elastic constants carry the units of N/m?. The above equations are the basic
equations of piezoelectricity and the derivations are available in Cady’s work cited above and
other texts on piezoelectricity.[10, 11]

The piezoelectric polarization physically derives from the separation of charges that
occurs when a strain or stress is applied to a crystal. In order for a uniform stress to induce
the movement of the charges to produce an electric field, the crystal must not have a center of
symmetry. Lack of a center of symmetry is the fundamental crystal characteristic that
determines whether a crystal will be piezoelectric or not. As an example, a crystal from a
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system with no symmetry at all, the triclinic system will have the maximum of 18 independent
piezoelectric constants. Additional crystal symmetries reduce the number of non-zero
piezoelectric constants. The III-V nitrides can be grown in either a cubic (zinc-blende) or a
hexagonal (wurtzite) crystal system. The most common type of nitride is the hexagonal type.
The symmetry of the hexagonal nitrides system is denoted by 6mm, which indicates that it has
a 6-fold rotation axis and two sets of mirror planes that contain the 6-fold axis.[12] The
symmetry reduces the number of independent piezoelectric constants to three and the number
of independent elastic constants to five. The elastic stiffness tensor and piezoelectric strain
tensor for the hexagonal nitrides are given in Figure 4.2. The piezoelectric stress tensor has
the same form as the piezoelectric strain tensor.

Strain in epitaxially grown semiconductors can be caused by either thermal expansion
mismatch or lattice mismatch of the epitaxial layer and the substrate. In the initial growth of
an epitaxial layer on a substrate of differing lattice constant, the epitaxial layer will grow with
an in-plane lattice constant equal to that of the substrate. If the epitaxial layer’s in-plane lattice
constant is smaller than the substrate’s, then the epitaxial layer will experience biaxial
extensional strain in the growth plane. Conversely, if the epitaxial layer has a larger in-plane
lattice constant than the substrate, the epitaxial layer will experience a biaxial compressional
strain. To first order, the volume of the unit cell of the epitaxial layer will be the same as if the
layer were grown with its natural lattice constant. Thus, extension in the growth plane will lead
to compression in the growth direction, and compression in the growth plane will lead to
extension in the growth direction. The above condition is termed pseudomorphic growth and
is illustrated schematically in Figure 4.3. As the epitaxial growth is continued, the substrate’s
influence on the growth will weaken and dislocations will form to allow the epitaxial layer to
grow with its bulk lattice constants. The formation of dislocations to reduce strain is termed
relaxation, and relaxation limits the maximum thickness of pseudomorphic epitaxial layers.

The binary compounds, GaN, AIN, and InN form a compound semiconductor alloy
system. AIN has the smallest a-plane lattice constant, followed by GaN, and finally InN with
the largest. When thin, pseudomorphic layers of In,GaN or Al,GaN are grown on a thick
layer of GaN oriented in the c-direction, the strain in the a-plane produces a piezoelectric field
in the growth direction (the c-direction). The field can be derived by using the tensors given
in Figure 4.2, equations (4.1), (4.2), and (4.3), and the relation between the polarization and

Ky
N
iyl
Y]
w
)
o O O O

Elastic Stiffness Tensor

SO O O O O

1
0 0 0 E(CII—CIZ)

0 0 0 0 ds5 0
d={0 0 O0 4, 0 O Piezoelectric Strain Tensor

dyy dy dy 0 0 0

Figure 4.2. Tensors for evaluation of piezoelectric effects for crystals with 6mm
symmetry.
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field, F,=~P,/¢,e,. The relation for the field is given in the literature[13-16] and is

repeated here,

2d
E= ——E%(C“ ey~ 20123/633)51 (4.4)

where S; is the biaxial strain (i.e. $,=S57).

The sign of the terms in equation (4.4) are crucial to determining the direction of the
field. First, the strain is defined as positive for an extensional strain and negative for
compression. The sign of the piezoelectric constant is positive if the positive piezoelectric
charge is induced in the positive direction by a positive strain.[11] For MOCVD-grown
nitrides, the surfaces appear to be metal-terminated[17] and the growth direction is [0001]
where the positive growth direction is defined, by convention, as pointing from the group- -1
element to the group-V element between basal planes.[17]

The magnitude of the piezoelectric field is also dependent on the growth direction of
the InGaN layer on the GaN layer. The above equation (4.4) is valid for growth of the
template and InGaN layer in the c-direction. Bykhovski et al. have made an analytical
calculation for off-polar-axis growth.[13] Their calculation matches the lattice constants in the
growth plane for any angle of growth. The results indicate that the largest piezoelectric
effects are realized for growth in the c-direction, and the sign of the piezoelectric field
changes sign at a certain angle, and finally, the polar piezoelectric field goes to zero for
growth perpendicular to the polar axis. . Figure 4.4 shows the relative piezoelectric
polarization in the c-direction as a function of the angle between the c-axis and the growth
direction. The calculations were made using a finite-element mechanical structure simulator,
ABAQUS.! The crystal properties were entered into the simulation file and bar of GaN was
subjected to a biaxial extensional stress of 10 GPa. In addition to calculating the strain and
displacement of the crystal, if the piezoelectric properties of the crystal are included, the
resulting potential and piezoelectric charge distribution can be simulated. The figure shows
the same shape as the result of Bykhovski ef al. Because of the large radius of the field
emitter tips in this work, the emission is assumed to originate from planes nearly parallel or at
only a slight angle to the (0001) plane, so that equation (4.4) can be used for the magnitude of
the piezoelectric charge in this dissertation.

The strain-induced piezoelectric fields alter the electrical and optical properties of the
nitrides with respect to their bulk properties. The piezoelectric properties and their effects on
electrical and optical devices have been an active area of research for the past half-decade.
Bykhovski et al. have studied the effects of piezoelectric fields on the charge distribution and
conduction characteristics of GaN-AIN-GaN structures and the piezoresistive effects in

InGaN

Pseudomorphic
GaN Growth

Figure 4.3. [Illustration of the . lattice dimension changes representative of
pseudomorphic growth.
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Figure 4.4. Normalized piezoelectric charge versus polar angle snmulated
using ABAQUS™ finite element program.

GaN.[13, 14, 18-20] Martin et al. have shown that piezoelectric effects must be considered
when trying to determine the band offsets of nitride heterostructures.[15] Band-bending
caused by piezoelectric fields has been suggested to explain the high amount free channel
charge in un-doped nitride field-effect transistors.[21-30] Yu et al. have studied the
piezoelectric effects on Schottky barrier heights.[31, 32] The effect of the piezoelectric fields
on the optical properties of the nitride semiconductors are also an active topic of research.[16,
33-43] The next section will present a calculation of the effect of the piezoelectric field
produced in a pseudomorphic layer of InGaN on the field emission from GaN FEAs.

Surface Barrier Lowering in InGaN/GaN Field Emitters

A piezoelectric field in an epitaxial semiconductor produces a linear change in the
potential of the conduction and valence bands. For a strained layer of InGaN grown on a
thick GaN layer, the resulting band diagram is depicted in Figure 4.5. The a-plane lattice
constant of InGaN is larger than that of GaN, thus the InGaN experiences a compressional
strain. The positive direction in the figure is the growth direction, [0001]. The piezoelectric
constants of the hexagonal nitrides have a negative sign, thus a positive strain produces a
negative charge in the positive direction (see references given in Appendix B). Because the
strain in this case is negative, the resulting charge at the InGaN/vacuum interface is positive.
An equal amount of negative charge is induced at the GaN/InGaN interface. Thus, the

piezoelectric field points in the negative direction, [OOOT] in this case. The piezoelectric field

produces a decreasing slope in the band diagram. Consequently, the vacuum level at the
surface of the InGaN is reduced relative to the vacuum level of the GaN. If band bending in
the GaN and the filling of the InGaN conduction band by electrons from the GaN is ignored,
the amount of potential drop is equal to the piezoelectric field multiplied by the thickness of
the InGaN layer.

In reality, the band bending and filling of the InGaN conduction band must be
considered to accurately calculate the band diagram of the GaN/InGaN layers We chose to
calculate the bands numerically using a band calculation program, BandProf.> The BandProf

T ABAQUS™ is a registered trademark of Hibbitt, Karlsson & Sorensen, Inc., 1080 Main Street, Pawtucket, RI
02860-4847. )
2W. R. Frensley, BandProf, © University of Texas at Dallas.
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program allows the input of material parameters such as band offsets, effective masses, and
dopant energy levels. The values used for the material parameters of InN and GaN are given
in Appendix B and the valence band offset between InN and GaN was taken as
AE, = 0.46AE, which is an average of the offsets given in Ambacher.[44] Estimation of the

material parameters for InGaN are made using Vegard’s law (linear interpolation of the values
of GaN and InN). In the BandProf program, the only way to introduce fixed charge is by the
use of dopants. The piezoelectric charge is introduced into the description of the material by
the use of two fictitious “dopants.” Dopant A, is given an energy level 1.5 eV above the
conduction band minimum (a donor), and thus, is always ionized with a positive charge.
Dopant B, is given an energy level 1.5 eV below the valence band maximum (an acceptor),
and thus, is ionized with a negative charge. Finally, a fictitious material was created to
simulate vacuum. The conduction band of the fictitious material simulated the vacuum level
and thus the conduction-band offset of the “vacuum” material with respect to GaN was set
equal to the electron affinity of GaN.

The epitaxial layer structure to be studied is input to BandProf by specifying the layers
in a text file. Each layer is specified by the composition of the semiconductor, the thickness
of the layer, and the doping type and amount, if any. At the InGaN/GaN interface, a small
layer (two times the mesh size of 0.5 A) is doped with dopant B to a volume charge density
equivalent to the piezoelectric surface charge density. At the InGaN/vacuum interface, an
equivalent charge is introduced by doping the surface with dopant A. To calculate the
necessary piezoelectric charge, first the strain must be calculated. The strain is given by the
lattice mismatch of the a-plane lattice constant,

a, .—a
5, =~ b 4.5)
epi

where a.p; is the lattice constant of the strained layer and ags is the lattice constant of relaxed
substrate layer. Using Vegard’s law to calculate the a-lattice constant for In,GaN, the strain
for an InyGaN layer grown on a relaxed GaN layer can be calculated from

vacuum

‘GaN InGaN Vacuum

Figure 4.5. Schematic conduction band diagram of InGaN/GaN field emitter. Electrons
travel ballistically across the InGaN layer and, thus, effectively tunnel from the
maximum of the GaN conduction band edge at the GaN/InGaN interface. The vacuum
level is shown for an applied bias.
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Figure 4.6. Strain in pseudomorphic In,GaN layer as a function of In mole
fraction, x.

- (aGaN — alnN )x , (46)
Agan + @y = Agan )X

where x is the In mole fraction. A plot of equation (4.6) over range from x=0 to 1.0 is given
in Figure 4.6. The strain varies from 0 to about -10% over that range of In mole fraction.
Now that the strain has been calculated, the field and charge can be calculated using equation
(4.4), using Vegard’s law to calculate the elastic and piezoelectric constants for the In,GaN.
The piezoelectric polarization charge ranges from 5.8x10'? ¢cm™ for 5% In concentration to
5.1x10" cm™ for 90% In concentration. Note that these charge concentrations are in the same
range as calculated for the Cs work function lowering (3.6x10" cm™) presented in section
4.2).

The band diagrams calculated by the BandProf simulations are similar to the
schematic shown in Figure 4.4. A series of calculated band diagrams, for 5% In concentration
and InGaN layer thickness from 5-100 nm, are shown in Figure 4.7. The field emission
current from the GaN/InGaN structure could be calculated, in theory, by numerically
integrating the transmission and supply functions based on the potentials given by BandProf,
however, a physical argument leads to a simple interpretation of the effects of the InGaN
layer. The main effect of the InGaN layer is to lower the vacuum level at the surface and raise
the conduction band minimum at the InGaN/GaN interface. The energy difference between
the surface vacuum level and the conduction band minimum at the GaN/InGaN interface can
be seen to be equivalent to an effective electron affinity, . This effective electron affinity
will be less than the electron affinity of GaN if the InGaN is strained and the piezoelectric
field exists. In this approximation, the Fowler-Nordheim current-voltage relation can be
simply modified by replacing the electron affinity, ¥, by the effective electron affinity, X5

_ A2 BYer
1 AV. exp( BV . 4.7

BandProf simulations of the effect were calculated for In compositions ranging from
5% to 90% and InGaN layer thickness from 0 to 100 nm. The results of the calculations are
given in Figure 4.8. The plot shows the effective electron affinity as a function of InGaN
thickness with the In mole fraction as a parameter. The effect of increasing the InGaN
thickness is to increase the length over which the piezoelectric field acts, which increases the
total electron affinity change. Increasing the In concentration increases the strain, which
increases the piezoelectric field strength. The increased dipole strength increases the surface

1
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barrier lowering. The saturation of the effective electron affinity at increased InGaN
thickness and In mole fraction is the result of the mobile charges transferred from the GaN
accumulating at the InGaN/vacuum interface. The minimum value of the electron affinity is
seen to be slightly less than 0, which indicates that it may be possible to produce a negative
electron affinity with this method. The saturation of the effective electron affinity occurs at
lower layer thickness with increasing In composition. For In concentrations above 10%, the
lowering effect is strongest for InGaN thickness between 20 A and 200 A, and additional
InGaN thickness does not greatly reduce the effective electron affinity.

Three effects limit the maximum reduction that can be achieved. These effects are
strain relaxation, electron mean free path, and the depletion of the GaN layer. The first is the
requirement that the InGaN film remains strained in order for the piezoelectric effect to exist.
As the thickness of a strained layer increases, the film will relax through dislocations to
relieve the strain. A critical thickness can be defined as the thickness where the film has
relaxed so that it has its own bulk lattice constant. Simple calculations, such as those based on

; InGaN d ]
, (a) | n x —r 2 (d) _
o [) L

5 s
) =
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Figure 4.7. Calculated band diagram of InGaN/GaN field emitters. The growth
direction is to the right. The InGaN layer can identified by the downward sloping
region directly in front of the vacuum region. The In concentration is 5% and the
InGaN thickness is varied from 5 to 100 nm (a)-(e). In this figure, the Fermi level is at
OeV.
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Figure 4.8. Calculated effective electron affinity of InGaN/GaN field emitters as a
function of InGaN thickness with the In mole fraction as a parameter.
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Figure 4.9. Simple estimation of the critical thickness of InGaN on GaN.

the Matthew-Blakeslee model, predict that only extremely thin strained InGaN layers can be
grown (less than 100 A).[16, 45] A simple estimation of the critical thickness can be given by
the expression ¢, = a’, /2(Aa), where . is the critical thickness, aus is the substrate a-plane

lattice constant and Aa is the lattice mismatch. A plot of this function for InGaN on GaN is
given in Figure 4.9, and shows that the critical thickness for In concentrations above 5% is
limited to less than 30 nm. Experimental evidence suggests that strained InGaN layers can be
grown to larger thickness than the simple models suggest.[16, 46]

The second effect that can limit the effectiveness of the InGaN layer is scattering of
the electrons in the layer. The above assumption of an effective electron affinity essentially
relies on ballistic transport of the electrons through the InGaN. If the thickness of the InGaN
layer is larger than the mean free path of electrons in InGaN, the scattering of the electrons
will lose energy until they reach the InGaN conduction band minimum. Because the electron
affinity of InGaN is larger than the electron affinity of GaN, the scattered electrons will have
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a much lower probability of tunneling through the InGaN/vacuum barrier than electrons
traveling ballistically through the InGaN. As the thickness of the InGaN increases, a greater
fraction of the electrons will scatter in the InGaN layer, thus limiting the electron emission.
Theoretical and Monte Carlo calculations of scattering in the nitride semiconductors indicate
that the dominant scattering mechanism is polar optical phonon scattering. The Monte Carlo
simulations of the channel regions of GaN FETs have shown that the electrons will thermalize
to the conduction band in 200 to 400 A.* Ye et al. have measured a polar optical phonon
emission time of 0.2 ps for GaN.[47] For an electron velocity of 10’ cmy/s, the resulting
relaxation length is 200 A, which shows reasonable agreement with the theory. The above
data are taken from studies of hot electron relaxation in GaN and provided a best current
estimate for the mean free path, as a literature search yielded no references to similar studies
for InGaN. - : ‘

The final effect that can limit the validity of our model is the barrier caused by the
large depletion in the GaN layer as a result of the piezoelectric effect in the InGaN, for thick
InGaN layers. This upward bending of the bands can be clearly seen in Figure 4.7. Under
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Figure 4.10. Effect of field penetration on the conduction band of the InGaN/GaN
FEAs demonstrating the limitation of the effective electron affinity model. (a) 5%
In, 50 A InGaN. (b) 5% In, 500 A. The numbers next to the profiles indicate the
applied electric field in units of V/nm.

3 J. Singh, private communication, 1999.
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operation, the field penetration of the applied electric field can cause increased band bending
near the surface. For thin layers (<100 A) the field can penetrate sufficiently to decrease the
barrier and allow electron transport. This is illustrated in Figure 4.10, where BandProf
simulations with a bias applied to the anode (but no current flow) are shown. For 50 A of
IngsGaN (Figure 4.10(a)), the field penetration causes the bands to bend sufficiently to allow
the application of the effective electron affinity model. For a thicker InGaN layer (500 A),
the field can not penetrate sufficiently to cause appreciable band bending at the barrier and the
effective electron affinity model should not be applicable. BandProf simulations are limited
to zero current flow, and dynamic effects may have an effect not indicated here.

InGaN/GaN Field Emitter Results

InGaN/GaN field emitter arrays were grown and fabricated as discussed for the
integrated-anode GaN field emitter arrays previously reported. The InGaN layers were grown
on the GaN pyramids immediately after the GaN pyramid growth and were not intentionally
doped. The thickness of the InGaN layer on the pyramids is difficult to measure. The
thicknesses reported herein are estimated based on growth time and the enhanced growth rate
of the pyramids versus planar films. The growth rate of InGaN on the sidewalls was grossly
estimated to be four times the planar growth rate. Consequently, the absolute values of the
thickness are not known, but the relative thickness of the InGaN layers can be assumed based
on the growth times. ‘

The first set of emitters grown to test the electron affinity lowering effect included a
GaN FEA control, and two InGaN/GaN FEAs, one with InGaN thickness of 100 nm and the
other with InGaN thickness of 200 nm. The In mole fraction was 15% as measured by x-ray
diffraction on a planar InGaN region of the sample, provided by Giacinta Parish. The GaN
field emitter exhibited a turn-on of about 175 V, emitters from the 100-nm InGaN sample
showed a turn-on ranging from 63-123 V. The 200-nm emitter showed the highest turn-on of
about 220-225 V. Each of the arrays had 5 tips and the anode-cathode separation was 2.8 pm
for the 100-nm InGaN sample and 2.5 um for the 200-nm InGaN sample and the control.
Processing difficulties caused by large non-uniformity of the planar GaN template layers lead
to geometrical differences in the FEA pyramids and, thus, the magnitude of the electron
affinity reduction could not be accurately determined. Qualitatively, the reduction of the turn-
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Figure 4.11. Variation of the pyramid base width for samples of differing InGaN layer
thickness.
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on voltage for the 100-nm sample was encouraging. At a thickness of 1000 A, the theoretical
effective electron affinity for 15% In is -0.4 eV. Although the turn-on of 63 V from this
sample was the lowest turn-on voltage for a nitride-based FEA measured, the turn-on
expected for such small effective electron affinity would be much lower. This thickness is
somewhat above the calculated values of the mean free electron path discussed above, so that
it may be suggested that scattering effects would increase the turn-on voltage. A second set of
InGaN/GaN FEAs with more thickness points and less processing variation was fabricated to
further investigate the effect.

In the second set of InGaN field emitters, InGaN layers of 20, 100, 500, 750, and
1000 A were grown. The growth conditions of the MOCVD system had changed since the
above-reported growth, and the In mole fraction was about 3-5% as measured by x-ray
diffraction analysis, provided by Amber Abare, of a planar region on the 1000 A sample.
Thickness fringes in the x-ray measurements indicated a thickness of the planar film of 274 A,
which was very close to the target planar region thickness for the 1000 A sample. This
indicated that at least the control over the planar growth rate of the InGaN was very good. In
contrast, the variation of the pyramid sizes was not as good as for past arrays. Over a single
sample, the base width of the pyramids was observed to vary by as much as 20%. To
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Figure 4.12. Current-voltage characteristics of IngosGaN/GaN FEAs.
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Figure 4.13. Fowler-Nordheim plots of emission data given in Figure 4.12.
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determine the sample-to-sample variation, the base width of pyramids from the center of each
sample was measured. The variation is shown in Figure 4.11, where the base width of the
pyramids is plotted versus the target InGaN thickness (essentially, this is versus growth time).
The variation of the base width among the samples is also about 20%. Other than the control
sample, the base width increases with growth time although at a greater rate than would be
expected from the target InGaN thicknesses. The pyramids from each sample were complete
as observed in the SEM.

Current-voltage characteristics of the InGaN/GaN field emitters were performed using
a high voltage source and picoammeter. From the emission current measurements, given in
Figure 4.12, the turn-on voltage was measured and the Fowler-Nordheim plots (F-N plots)
were constructed (see Figure 4.13). All of the emission characteristics reported in this section
came from arrays that showed a linear F-N plot with a negative slope, and reverse leakage
current at least three orders of magnitude below the forward current. From the slope of the F-
N plots, the either the field enhancement or effective electron affinity could be calculated.
The field enhancement factor of the control device was estimated by assuming that the
electron affinity of the control was 3.5 eV. To check the reasonableness of this assumption,
the geometry of the integrated anodes were observed by SEM observation.

The two most important geometrical parameters were the tip sharpness and the anode-
cathode separation. Since the tips were all grown to completion, the radius of all of the tips
was assumed to be 90 nm. The fitted field enhancement factor of the control sample was
67,000 cm’! and using the concentric sphere model{51], the resulting k factor is 1.77, which is
in the acceptable range for the model. The field enhancement factors calculated from the
InGaN samples using their individual anode-cathode separations and the same k factor
extracted from the control sample yields only a 7% variation among the FEAs (see Table 4.1).
Because the emission current depends exponentially on the field enhancement factor, this
variation may cause a large change in the current voltage characteristic; however, the
variation in anode-cathode separation was random from device to device so that no trend
could be clearly observed from the geometrical data. '

The same field enhancement factor as the control is assumed to apply to the
InGaN/GaN FEAs. The effective electron affinity of each of the InGaN/GaN FEAs was then
calculated from the slope of the F-N plots using the common field enhancement factor. Table
4.2 contains the turn-on voltages, slope and intercept of the fits to the F-N plots, and the
calculated effective electron affinities and emission areas. The goodness of the fit is given by
the adjusted R? figure, also given in Table 4.2, with a value closer to one indicating a better

Table 4.1. Measured Anode-Cathode Separations and Theoretical
Field Enhancement Factors (k=1.77).

InGaN Thickness Anode-Cathode | Field Enhancement,
A) Separation (um) (cm™)
0 1.38 67,000
22 3.20 64,590
100 2.71 64,928
500 .77 66,139
750 1.98 65,765
1000 0.73 71,665
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Table 4.2. Measured and Calculated Data from InGaN/GaN FEAs.

InGaN | Turn-on F-N F-N R? B Emission Xer
Thickness | Voltage | Intercept Slope adj (ecm™ Area eV)
) ) (cm?)
0 290 7.3:0.8 | -6300£200 | 0.91 | 67000+2000 | 3x10° 35
£2x10°%
22 214 | -202+04 | -1970+90 | 0.86 ax10™” 1.61+0.02
+2x10™"°
100 210 | -16.8:0.3 | -2590+60 | 0.95 2.5x10™"° 1.93+0.01 |
+0.7x10°™" i
500 146 | -20.320.5 | -1030+90 | 0.69 5%x107° 1.04+0.04
+3x10™'®
750 200 | -18.5£0.3 | -2070+70 | 0.94 2.5%x10°™ 1.660.01
+0.8x10
1000 313 -4.5+2.1 | -7700£700 | 0.80 6x107 3.9:0.2
+13x107

*The electron affinity for the control is assumed 3.5 eV, and the field enhancement factor, B3, is calculated
from the equation for the F-N slope. This field enhancement is assumed for all of the InGaN samples to
calculate the effective electron affinities.

fit. Figure 4.14 is a plot of the experimentally determined effective electron affinity versus
InGaN thickness, shown along with the calculated theoretical effective electron affinities from
Figure 4.8. Except for the point at 20 A, the experimental points seem to follow the trend of
the 5%-10% In calculations up to an InGaN thickness of 500 A. From 500 A to 1000 A, the
effective electron affinity increased, possibly from the aforementioned relaxation or scattering
in the thicker layers. The minimum effective electron affinity achieved in this set of samples
was the 1.04 eV from the sample with 500 A of InGaN. The reduction of the effective
electron affinity by 2.46 ¢V relative to the electron affinity of GaN represents a 70%
reduction. The observation of lowering at InGaN thicknesses up to 500 A does not agree with
the above-mentioned limitations concerning the field penetration and the energy barrier in the
GaN. This disagreement is not understood at this time, but may be attributable to incomplete
knowledge of the InGaN thickness and unknown surface states.

The turn-on voltages of the InGaN/GaN field emitters were also measured from the
current-voltage characteristics of the FEAs. Figure 4.15 shows the experimentally measured
turn-on voltages and theoretical calculations of the turn-on voltage of field emitters with the
theoretical effective electron affinities calculated for In percentage of 5 and 10%. The trend
of the experimental turn-on voltages follows the 5% In theoretical calculation up to an InGaN
thickness of 500 A and then begins to increase. Interestingly, the turn-on voltage measured
for the 1000 A InGaN FEA is very close to the theoretically calculated turn-on voltages
expected for emission from relaxed, bulk InGaN of 5 or 10% In composition.

In order to avoid array-damaging vacuum arcs, the InGaN/GaN FEAs were typically
measured up to currents of 1-2 pA. If the current increase above this limit, a destructive arc
often terminated the measurements of the arrays. A few of the arrays were tested using the
curve tracer to determine the maximum current before failure. In all of the destructive tests,
the device failed as a short. An array with 100 A of InGaN showed maximum emission
current of 9.8 pA from a 10-tip array at 372 V. The arrays with the smallest turn-on voltage,
the 500 A InGaN, showed the highest current capacity. Figure 4.16 shows a screen shot of
the curve tracer showing a maximum current of about 19 pA at 310 V from a 10-tip array.
The FEAs with 750 A of InGaN display a maximum current of 1.9 pA at 334 V from a 10-tip
array and 3.6 pA at 344.5 V from a 40-tip array. Finally, a 10-tip array with 1000 A of
InGaN showed a maximum current of 1.8 pA at 417.5 V. From the current-voltage pairs
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given above, the power being delivered to the anode at the maximum current can be
calculated. For the low turn-on, high current samples with thin InGaN, the anode power at
breakdown was 3.65 mW (100 A) and 5.89 mW (500 A). For the thicker InGaN samples, the
anode power at breakdown was lower, 0.64 mW (750 A) and 0.75 mW (1000 A). If the
breakdown of these samples were being initiated by the destruction of the anode, it would be
expected that the anode power would be about the same. This difference between the thin
InGaN samples, where most of the electrons are assumed to travel ballistically through the
undoped InGaN, and the thick InGaN samples, where the electrons will have a higher chance
of scattering, suggests that the InGaN layer may have a role in determining the maximum
current capability of the InGaN/GaN FEAs. More research will be necessary to test this
hypothesis.
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Figure 4.14. Experimental effective electron affinity of the InGaN/GaN FEAs (dashed
line with hexagonal symbols) compared the theoretical effective electron affinities.
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Figure 4.15. Experimental turn-on voltage (solid) and the theoretical turn-on
voltages (dashed) calculated for 5 and 10% In composition InGaN/GaN FEAs.
Also plotted on the right side, are two points calculated assuming the 5 and 10%
InGaN layers are relaxed.
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